Chemical cross-linking coupled with mass spectroscopy (CXMS) provides proximity information for the cross-linked residues and is used increasingly for modeling protein structures. However, experimentally identified cross-links are sometimes incompatible with the known structure of a protein, as the distance calculated between the cross-linked residues far exceeds the maximum length of the cross-linker. The discrepancies may persist even after eliminating potentially false cross-links and excluding intermolecular ones. Thus the "overlength" cross-links may arise from alternative excited-state conformation of the protein. Here we present a method and associated software DynaXL for visualizing the ensemble structures of multidomain proteins based on intramolecular cross-links identified by mass spectrometry with high confidence. Representing the cross-linkers and cross-linking reactions explicitly, we show that the protein excited-state structure can be modeled with as few as two over-length cross-links. We demonstrate the generality of our method with three systems: calmodulin, enzyme I, and glutamine-binding protein, and we show that these proteins alternate between different conformations for interacting with other proteins and ligands. Taken together, the over-length chemical cross-links contain valuable information about protein dynamics, and our findings here illustrate the relationship between dynamic domain movement and protein function. 4 The abbreviations used are: CXMS, chemical cross-linking coupled with mass spectrometry; SAXS, small angle X-ray scattering; SAS, solvent-accessible surface; Ca 2ϩ -CaM, calcium-loaded calmodulin; PRE, paramagnetic relaxation enhancement; EIN, the N-terminal domain of bacterial phosphotransferase enzyme I; EIC, the C-terminal domain of bacterial phosphotransferase enzyme I; QBP, bacterial periplasmic glutamine binding protein; BS 3 , bis-sulfosuccinimidyl suberate; BS 2 G, bis-sulfosuccinimidyl glutarate; MD, molecular dynamics; NTD, N-terminal domain; CTD, C-terminal domain; r.m.s., root mean square.
Present-day structural biology largely focuses on the predominant ground-state structures of proteins, which are most populated and readily detectable. Nevertheless, it is becoming clear that a protein can transiently adopt alternative, often lowly populated excited-state conformations. Dynamic interconversion between protein ground and excited states, together constituting the ensemble structures of a protein, enables the protein to perform its function (1, 2) . For a multidomain protein, the dynamics usually involve the rearrangement between the domains, which can be essential for ligand recognition, catalytic activity, and allosteric modulation of the protein (3, 4) . Despite technical advances in X-ray crystallography (5) , nuclear magnetic resonance (NMR) spectroscopy (6) , and cryo-electron microscopy (7) , the excited states of proteins remain difficult to characterize. Among the existing techniques, NMR spectroscopy is known for identifying the excited states and for elucidating protein dynamics (6) . Yet NMR requires a large quantity of purified, isotopically enriched recombinant proteins and is mainly applicable to proteins Ͻ50,000 Da.
Chemical cross-linking of proteins coupled with mass spectrometry (CXMS) 4 is an emerging technique in structural biology and has been increasingly used for modeling protein structures (8, 9) . The cross-linked residues that are identified by high resolution mass spectroscopy should be close to each other, within the reach of the cross-linker used. However, it has been shown that the straight-line distance between the C␣ atoms of cross-linked residues calculated from the known structure sometimes exceed the maximum length of the cross-linker (10, 11) . The discrepancy between experimental cross-links and protein structures may be due to false identifications of the cross-links. Yet, even after eliminating erroneous assignments with stringent criteria (12) , the discrepancy persists (13) (14) (15) (16) . As a common practice in protein structure modeling, the distance restraints derived from the over-length cross-links were often relaxed (17, 18) or even discarded (19) .
Recently it has been shown that for protein-protein complexes, intermolecular cross-links incompatible with a unique complex structure may arise from some alternative arrangement(s) of the complex (11, 20) . We thus reason that overlength intramolecular cross-links can be explained by the dynamic movement between different parts of the protein.
Simple straight-line distance restraints derived from experimental cross-links has been used for modeling protein structures. However, as the cross-linker cannot go through the protein and can only go around the protein, intramolecular cross-links are better assessed with solvent-accessible surface (SAS) distances (21) . The SAS distance for an intramolecular cross-link is usually longer than the straight-line Euclidean C ␣ -C ␣ distance for the two cross-linked residues, and therefore, the discrepancy between the calculated distance and maximum length of the cross-linker is even larger.
To account for all intramolecular cross-links identified with high confidence, here we present a method for assessing the conformational fluctuations of multidomain proteins (the associated software DynaXL is freely available from the author upon request). In this method we represent the cross-linkers with atomic details, and we model the protein alternative conformations with conjoined rigid body/torsion angle simulated annealing. We illustrate our method by characterizing the dynamics of three multidomain proteins, and we show how the domain arrangements of these proteins can enable their specific functions.
Results
The Workflow of DynaXL Modeling-A multidomain protein may dynamically interconvert between the ground state and the excited state, in which the domains have different arrange-ments. As illustrated in Fig. 1 , the open conformation corresponds to the ground state, whereas the closed conformation corresponds to the excited state. For a protein existing only in an open conformation, the residues located in the opposite domains are too far away to be cross-linked despite that a mono-linked product can be readily formed. On the other hand, if the protein can transiently switch from the open conformation to the closed conformation, even for a short period of the time, the alternative conformation may permit the crosslinking reaction to complete. The residues that can react with the cross-linking reagent have to be appropriately located in the opposite domains. Thus the alternative conformation may not be efficiently captured. Conversely, if one or more over-length interdomain cross-links were identified by mass spectrometry with high confidence, it is likely that the predominant open state transiently fluctuates to some alternative conformation, as discussed below.
We implemented this concept into our modeling approach. The workflow for the associated software DynaXL is illustrated in Fig. 2 and explained in detail with the analysis of calmodulin followed by two other examples (a snapshot of the software interface is shown in supplemental Fig. S1 ). DynaXL takes as input the known PDB structure of a protein and a list of high confidence intramolecular cross-links obtained from CXMS analysis on a 1:1 mixture of the 14 N-and 15 N-labeled proteins. Collecting CXMS data on this mixed sample, we were able to differentiate intramolecular versus intermolecular cross-links and also to eliminate false positives (see "Experimental Procedures" for details). Domain boundaries in multidomain proteins are delineated by multithreading alignment (22, 23) and validated with molecular dynamics (MD) simulations, which allows the definition of rigid bodies and the classification of intraversus interdomain cross-link. The intradomain crosslinks are examined against the known protein structures for compatibility, thus to confirm the rigidity of each domain. All interdomain cross-links involving rigid residues are used for characterizing protein ensemble structure that comprises the ground-state conformation and any additional excited-state conformation. If a two-conformer ensemble structure cannot account for all interdomain cross-links, DynaXL attempts a three-conformer ensemble structure and so on until all crosslinks are satisfied.
To account for intramolecular cross-links, it is better to use SAS distances (21) . To this end, DynaXL treats the geometry of the cross-linker and the proximity between the reactive side chains with atomic details. With explicit modeling, the crosslinkers can only be located at protein surface. Due to the curvature of a protein, SAS distance restraints imposes a more stringent restraint than does a straight-line C ␣ -C ␣ distance restraint. To our knowledge, all previous modeling of protein structures from CXMS data used only straight-line Euclidean distance restraints applied to the C␣ atoms (or C␤ atoms) of cross-linked residues (11, 13-16, 24, 25) .
Identifying Intramolecular Cross-links with High Confidence-For proof of principle, we first visualized the conformational fluctuation of calcium-loaded calmodulin (Ca 2ϩ -CaM). CaM comprises an N-terminal domain and a C-terminal domain. In the absence of a ligand, Ca 2ϩ -CaM was found to exist in an open, extended conformation in crystal (26) , with the two domains well separated ( Fig. 3A) .
We performed CXMS experiments on an equimolar mixture of 14 N-labeled (natural isotope abundance) and 15 N-labeled Ca 2ϩ -CaM to exclude cross-links that may arise from protein homo-oligomers (20, 27) . As illustrated in supplemental Fig. S2 , an intramolecular cross-link should yield just two cross-link isoforms of equal abundance, one between two 14 N-labeled light peptides (L1-L2) and one between two 15 N-labeled heavy peptides (H1-H2). An intermolecular cross-link yields two additional isoforms each consisting of a 14 N-labeled peptide and a 15 N-labeled peptide (L1-H2 and H1-L2). Thus cross-links with a significant intermolecular component were eliminated, leaving only the intramolecular cross-links.
We performed CXMS experiments using amine-specific bissulfosuccinimidyl suberate (BS 3 ) and a shorter cross-linking re-agent bis-sulfosuccinimidyl glutarate (BS 2 G, supplemental Fig.  S3 ) on different Ca 2ϩ -CaM protein samples. Filtering the data with stringent criteria to eliminate potentially false identifications (see "Experimental Procedures" for details), we identified eight intramolecular cross-links for ligand-free Ca 2ϩ -CaM with high confidence (supplemental Fig. S4 and Table S1 ). Some of the cross-links were only observed with BS 3 , indicating that the protein amine groups are likely too far away to react with the shorter BS 2 G (supplemental Table S1 ). The four intradomain cross-links agree with the respective domain structure (supplemental Fig. S5 and Table S1 ), confirming that the dynamics within each domain are small if present. The rigidity within each domain was further confirmed with MD simulations; except for N-and C-terminal residues and linker residues, most residues display backbone root mean square fluctuations of Ͻ2 Å (supplemental Fig. S6 ). In contrast, none of the four interdomain cross-links agree with the open structure of Ca 2ϩ -CaM, even with the flexibility of the explicitly modeled The workflow of DynaXL includes four steps: CXMS analysis, preparation of the structure file, structure refinement with explicit modeling, and validation. Domain boundaries in multidomain proteins are delineated by multithreading alignment and validated with MD simulations, allowing the classification of intra-versus interdomain cross-link. The intradomain cross-links are examined against the known structures of the protein for compatibility so as to confirm the rigidity of each domain. Based on interdomain cross-links, protein ensemble structure was refined using conjoined rigid-body/torsion angle-simulated annealing. If a two-conformer ensemble structure cannot account for all interdomain cross-links, DynaXL attempts a three-conformer ensemble structure and so on until all cross-links are explained. Lastly, the alternative conformational states are subjected to further assessment and validation.
FIGURE 3. Ligand-free Ca 2؉ -CaM can fluctuate between open and closed states.
A, the interdomain cross-links (indicated by red dotted lines) involve residues too far away to be cross-linked in the open state. Note that Lys 21 and Lys 94 are each cross-linked with two different residues. For clarity, the N-hydroxysuccinimide ester at one end of the cross-linker and the Ca 2ϩ ions bound to the protein are not shown. B, ensemble refinement with explicit modeling of the cross-linkers using the DynaXL approach revealed the closed-state structure of Ca 2ϩ -CaM, which would allow the cross-linking reaction to take place (indicated by red lines).
lysine side chains and attached cross-linker considered (Fig.  3A) .
Modeling the Closed State of Ligand-free Ca 2ϩ -CaM-To account for the over-length interdomain cross-links, we introduced a second conformer of Ca 2ϩ -CaM and refined the ensemble structure based on the three interdomain cross-links involving rigid lysine residues. The interdomain cross-link Ala 1 -Lys 94 was not used in the modeling due to the flexibility of the N terminus. We grouped the N-terminal domain (NTD, residues 4 -77) and the C-terminal domain (CTD, residues 82-147) as rigid bodies connected by a polypeptide linker (residues 78 -81). The arrangement between NTD and CTD was optimized using the DynaXL approach, thus allowing the interdomain cross-linking reactions to take place. Based on the cross-links identified with high confidence, we obtained the alternative closed conformation of ligand-free Ca 2ϩ -CaM ( Fig.  3B and supplemental Table S2 ). The closed-state structures are highly converged, with an overall r.m.s. deviation of 1.08 Ϯ 0.35 Å for backbone heavy atoms (supplemental Fig. S7 ). The closed-state structures obtained can also be assessed with spherical coordinates. With respect to the open structure, the vector from the center of mass of the NTD to the center of mass of the CTD rotates by 58.5 Ϯ 5.1°and shortens from 37.5 Å to 23.8 Ϯ 0.7 Å (supplemental Fig. S8 , A and C).
To ensure complete sampling of the conformational space, we also started the refinement with the domains in random relative positions. The resulting structures for the closed state are almost identical to those calculated from the open-state structure of Ca 2ϩ -CaM (supplemental Fig. S8 , B and D), consistent with the expectation that the correct structure should converge irrespective of the starting conformation. For the cross-linking reaction, a cross-linker can be first attached to either domain to form a mono-linked intermediate before being cross-linked to another domain. Accordingly, we modeled the cross-linkers to either the NTD or CTD, which yielded almost identical structures (supplemental Fig. S9 ). Because a two-conformer ensemble already satisfied all cross-links, introducing an additional conformer brought no improvement. To illustrate how DynaXL can be used to model larger ensembles, we added two artificial cross-links. The new restraint list can no longer be satisfied with a two-conformer ensemble but can be accounted for with a three-conformer ensemble in which the two conformers adopt closed states with distinct domain arrangements (supplemental Fig. S10 ).
As such, we have shown that the DynaXL approach allows the modeling of the alternative closed state of ligand-free Ca 2ϩ -CaM. The structural convergence is due to the explicit modeling of the cross-linker, to the conjoined rigid-body/torsion angle refinement approach, and to the self-consistency of CXMS restraints. Indeed, refining against any one of the interdomain CXMS restraints can already lead to a closed-state structure for the ligand-free Ca 2ϩ -CaM. Although dispersed, the centers of mass of the resulting structures are similar to each other and to those refined with all three interdomain cross-links (supplemental Fig. S11 , A-C). The structures become more converged when refining with two interdomain cross-links (supplemental Fig. S11 , D-F) because the alternative structure has to satisfy both restraints at the same time.
Importantly, the CXMS restraints can be cross-validated (the free reactive end of the mono-linked intermediate is found in close proximity to the target lysine side chain in the opposite domain provided that the other two cross-links have been formed (supplemental Table S2 ). Moreover, the ensemble structure can also account for the Ala 1 -Lys 94 cross-link, which was not used in the refinement (supplemental Fig. S12 ). Taken together, the DynaXL approach reveals that the ligand-free Ca 2ϩ -CaM transiently adopts a closed state, and the crosslinking captures and stabilizes this preexisting excited-state conformation.
Validating the Closed-state Structure of Ligand-free Ca 2ϩ -CaM-The ensemble structure of Ca 2ϩ -CaM can also be validated with other techniques. Previous NMR studies have shown that ligand-free Ca 2ϩ -CaM transiently adopts a closed conformation, and the excited state is present for only ϳ5% of the time (28 -30) . Using paramagnetic relaxation enhancement (PRE) data reported with a probe attached at S17C site (30), we calculated the closed-state structure for ligand-free Ca 2ϩ -CaM following the established protocol (supplemental Fig. S13A ) (31) . The PRE and CXMS structures are similar to each other (supplemental Fig. S13B ), and the backbone r.m.s. difference was as small as 1.66 Å (Fig. 4A ). The structural similarity further attests that CXMS can detect and visualize the lowly populated excited states of proteins, a task that has been mostly reserved for NMR (6) .
There are a number of structures determined for ligandbound Ca-CaM 2ϩ , and the exact domain arrangement varies depending on the bound ligand (supplemental Fig. S14A ). The closed-state structures calculated for ligand-free Ca 2ϩ -CaM based on the CXMS data and the closed-state structures for ligand-bound Ca 2ϩ -CaM are similar (supplemental Fig. S14A ), and the smallest r.m.s. difference is 1.93 Å as referenced to the complex structure bound to an IQ-domain from voltage-gated calcium channel ( Fig. 4B) (16) . Thus, a cognate ligand of Ca 2ϩ -CaM can stabilize the closed-state structure already present for ligand-free Ca 2ϩ -CaM, which is characteristic of a conformational selection mechanism (supplemental Fig. S15 ).
Visualizing the Phosphoryl-receiving Conformation of an Enzyme I Domain-To further evaluate our DynaXL method for modeling protein excited states, we assessed the dynamics of the N-terminal domain of enzyme I. Enzyme I (EI), a bacterial phosphotransferase, comprises an N-terminal domain (EIN) and a C-terminal domain (EIC) (32) . In the presence of phosphoenol pyruvate (PEP), EIN is autophosphorylated by EIC (32, 33) . In turn, EIN transfers the phosphoryl group to the downstream partner HPr (34) . EIN itself comprises two domains, the ␣/␤ domain (residues 1-20 and residues 148 -231) and the ␣ domain (residues 24 -142), which can be defined from computational analysis (22) and by inspecting the known structures.
Using high resolution mass spectrometry, we identified 13 intramolecular cross-links with high confidence for EIN (supplemental Table S3 ). All seven intradomain cross-links agree with the ground-state structure of either EIN (PDB code 1ZYM) by itself or EIN in complex with HPr (PDB code 3EZA), which confirms the rigidity of each domain. In contrast, for two of the six interdomain cross-links, Lys 49 -Lys 20 and Lys 49 -Lys 175 (supplemental Fig. S16 ), the theoretical distances calculated from the ground-state structure of EIN far exceed the maximum lengths of the corresponding cross-linkers, even with the flexibility of the cross-linkers considered (Fig. 5A ). Therefore, these interdomain cross-links may arise from an excited state of EIN in which the ␣/␤ domain and the ␣ domain are arranged differently.
Using the DynaXL approach, we found a two-conformer representation for EIN that can account for all intramolecular cross-links (supplemental Table S4 ). In addition to the predominant conformation responsible for phosphoryl transferring, we identified an alternative conformation of EIN and determined its structure to convergence, with backbone r.m.s. deviations of 2.01 Ϯ 1.11 Å (supplemental Fig. S17 ). In the second conformation, the EIN ␣ domain is tilted to one side of the ␣/␤ domain (Fig. 5B ). This rearrangement would expose the active-site residue His 189 in the ␣/␤ domain and possibly allows His 189 to be phosphorylated by EIC. Indeed, such an alternative conformation of EIN has been found in the full-length enzyme I protein in crystal bound with an inhibitor (32) or in solution with a point mutation introduced (33) . The r.m.s. difference between the alternative conformation of EIN modeled with DynaXL and the structure of EIN in the full-length enzyme I is as small as 1.74 Å (supplemental Fig. S18 ). As such, EIN is inherently dynamic with or without EIC, and the dynamics can be functionally important for the relaying of the phosphoryl group (supplemental Fig. S19) .
Characterizing a Partially Closed Conformation of ApoQBP-Lastly, we assessed the dynamic domain movement of glutamine-binding protein (QBP). QBP, a bacterial periplasmic solute binding protein, comprises two domains, domain I (residues 1-86 and residues 185-226) and domain II (residues 90 -180), which are connected by two shorter linkers (35) . The domains can be defined by automatic threading approach (22) or by comparing ligand-free and ligand-bound structures of QBP. In the absence of the ligand, QBP adopts an open conformation in crystal (35) . Upon glutamine binding, the two domains undergo a hinged rotation for 37.6°(supplemental Fig. S20A ) (36) .
We identified 35 intramolecular cross-links with high confidence for apoQBP (supplemental Table S5 ). All intradomain cross-links agree with the crystal structure, which confirms that the domain structures are rigid regardless of the domain movement. Among the interdomain cross-links, however, Lys 76 -Lys 125 and Lys 77 -Lys 125 cannot be accounted for by the open structure of apoQBP (supplemental Fig. S21 and Fig. 6A ). The over-length cross-links are unlikely to arise from the contamination of holoQBP for these reasons: first, any bound glutamine would have been washed off after several rounds of denaturation, dialysis, and renaturation during sample preparation; second, if the apoQBP sample had been contaminated with holoQBP, we expected to see two BS 2 G cross-links that were specific for holoQBP, Lys 77 -Lys 125 and Lys 87 -Lys 218 (supplemental Fig. S22 ), but we did not.
Using the DynaXL modeling approach, we obtained a twoconformer ensemble structure for apoQBP that accounts for all 12 high confidence interdomain cross-links. The second conformation of apoQBP can explain the two cross-links incompatible with the open structure of apoQBP, and the cross-links can in part be cross-validated with the new structure (supplemental Table S6 ). Interestingly, the second conformation of apoQBP displays a rotation of ϳ26.8°for the two domains ( Fig.  6B ) and, therefore, is only partially closed with respect to the holoQBP structure (supplemental Fig. S20B ). Such a partially closed state can be corroborated with small angle X-ray scattering (SAXS) analysis, as the ensemble comprising the open and partially closed structures but not the ensemble comprising the open and fully closed structures can best account for the experimental data (supplemental Fig. S23 ). Being partially closed yet still accessible to a ligand, the alternative structure of apoQBP may facilitate the transition to the fully closed structure and enable specific ligand recognition, as have been demonstrated for other periplasmic binding proteins (3, 30) .
Discussion
Cross-linking coupled with mass spectrometry has been increasingly used for protein structure modeling. Quite often it has been found that a subset of the highly reliable cross-links cannot be explained by the known structure of the protein or protein complex, or these cross-links are inconsistent with other cross-links or other experimental data (12, 13, 17, 18) . In those cases, the over-length cross-links were often discarded or the corresponding distance restraints were relaxed. Here we show that the over-length cross-links are treasure, not trash, containing valuable information about protein dynamics.
Demonstrated with three multidomain proteins, Ca 2ϩ -CaM, QBP, and EIN, we have shown that the otherwise incompatible cross-links manifest protein-excited states. The over-length cross-links allowed us to model the transiently closed conformation of ligand-free Ca 2ϩ -CaM with a population of only ϳ5% (30) . The CXMS also enables the depiction of a partially closed conformation of apoQBP. For EIN, the alternative conformation should have a low occupancy and could not be observed without the addition of an inhibitor or introduction of a point mutation in the past. Thus we show that the CXMS is highly sensitive to the lowly populated conformational states of proteins.
CXMS-based structural modeling has been explored using various software tools, yet a lot of these studies aimed for a single structure that had the lowest energy and best satisfied the experimental data (11, 13, 24, 25) . To fully account for the intramolecular cross-links, we developed the DynaXL method. In this method we invoke ensemble representation for the protein, and we explicitly model the cross-linkers and cross-linking reactions. The explicit modeling approach not only imposes a realistic distance limit for each cross-link, but also takes into account the flexibility of the cross-linker and the van der Waals interactions between the cross-linker and the protein.
The success of the DynaXL method is due to several factors. First, the conjoined rigid-body/torsion angle refinement approach narrows the conformational search space and permits efficient convergence to the structure that best accounts for all experimental data. Second, with the cross-linkers and cross-linked residues explicitly modeled and with flexible linker residues opting for certain rotamers (37) , the conformational space possibly adopted by the protein-excited state is further narrowed. Third, the cross-links identified with high confidence are partially redundant. For cross-validation, therefore, it is better to have at least two over-length, but highly reliable interdomain cross-links between every two domains in a protein.
DynaXL method is not limited to the characterization of the more compact state over the ground state. As we show with the example of EIN, any alternative conformation with different domain arrangement can in theory be detected as long as the cross-links involve residues incompatible with the ground-state structure. In addition, DynaXL may also be used to visualize local protein dynamics, as we show for the N-terminal tail of Ca 2ϩ -CaM (supplemental Fig. S9 ). Nevertheless, depending on the accessibility and reactivity of the side chains, not all the reactive residues that are within the reach the cross-linkers are experimentally identified, and the cross-linking restraints are sparse. As a result, certain excited state(s) may not be captured with CXMS.
Besides CXMS, other MS techniques such as hydrogen/deuterium exchange and ion mobility mass spectrometry have also been used to characterize dynamic protein-protein interactions (38) and protein domain movement (39, 40) . As CXMS uncovers lowly populated conformers that only have been captured with sensitive NMR techniques, CXMS is probably more sensitive than other MS techniques in depicting protein excitedstate structure. Unlike NMR, CXMS is not limited by the size of the protein. Thus the DynaXL method can be used to depict the ensemble structures of large multidomain proteins. Together, we envision that DynaXL will be used as a general tool either by itself or in conjunction with other techniques for visualizing protein dynamics.
Experimental Procedures
Sample Preparation-The ligand-free human Ca 2ϩ -CaM, the N-terminal domain of Escherichia coli enzyme I (EIN, residues 1-249), and E. coli periplasmic QBP were prepared as described (41) (42) (43) . The 15 N-labeled recombinant proteins were purified from bacterial cells grown in M9 minimum medium with U-15 NH 4 Cl (Cambridge Isotope Laboratory, Tewksbury, MA) as the sole nitrogen source. To remove bound glutamine, 2 M guanidine hydrochloride was added to purified QBP, and the partially denatured protein was desalted in the presence of 2 M guanidine, which was later removed with a second desalting step to allow the apoQBP to refold.
Cross-linking reactions were performed for 0.6 g/l protein at room temperature for 1 h in 20 mM HEPES, pH 7.2, buffer containing 0.5 mM BS 3 or BS 2 G (Thermo Scientific, Waltham, MA) and were quenched after 1 h with 20 mM NH 4 HCO 3 . The cross-linked proteins were precipitated with ice-cold acetone, air-dried, and resuspended in 100 mM Tris, pH 8.5, buffer containing 8 M urea.
CXMS Experiments-Subsequent to trypsin digestion, LC-MS/MS analysis was performed on an Easy-nLC 1000 UPLC (Thermo Scientific) coupled with a Q-Exactive Orbitrap mass spectrometer (Thermo Scientific). Peptides were loaded on a precolumn (75-m inner diameter, 8 cm long, packed with ODS-AQ 12 nm-10-m beads from YMC Co., Kyoto, Japan) and were separated on an analytical column (75-mm inner diameter, 11 cm long, packed with Luna C18 100 Å, 1.8-m resin from Welch Materials, Austin, TX) using an acetonitrile gradient from 0 to 28% in 60 min at a flow rate of 200 nl/min. The top 10 most intense precursor ions from each full scan (resolution 70,000) were isolated for HCD MS/MS scans (resolution 17,500; normalized collision energy 27) with a dynamic exclusion time of 20 s. Precursors with 1ϩ, 2ϩ, Ͼ6ϩ, or unassigned charge states were excluded. Each cross-linking reaction was performed twice (two biological repeats), and each CXMS sample was analyzed twice on the LC-MS/MS (two technical repeats). A database search using Prolucid (44) against E. coli (BL21) protein sequences was performed. Spectra of monolinks as well as peptides not modified by cross-linkers were removed.
Identification of High Confidence Intramolecular Crosslinks-We performed CXMS experiments on samples containing equal molar amounts of unlabeled (i.e. 14 N-labeled) and 15 N-labeled proteins in order to exclude intermolecular crosslinks, based on the strategy previously described (20, 27, 45) . The MS/MS spectra of L/L cross-links, in which both peptides were 14 N-labeled, were identified using pLink (46) . CXMS analysis of a 1:1 mixture of the 14 N-and 15 N-labeled protein allowed us to establish a set of criteria to eliminate false positives. False positives were recognized because they lacked the characteristic peak pair of L1-L2 and H1-H2 in MS1 spectra. In the case of Ca 2ϩ -CaM, we found 4 such falsely identified cross-links after filtering the results with a false discovery rate of 0.05 at the spectrum level followed by an E-value cutoff of 10 Ϫ3 . Their best E-values were in the range of 10 Ϫ8 -10 Ϫ7 (not shown). Therefore, we updated the pLink filtering criteria as follows: false discovery rate Ͻ0.05, E-value Ͻ10 Ϫ3 , spectral count Ն2, and the best E-value Ͻ10 Ϫ8 for each cross-link identification. Furthermore, for each intramolecular cross-link, we required the precursor intensity ratios of the L/H (or H/L) isoform over the L/L (or H/H) isoform to be Ͻ0.14, which were computed using pQuant (47) . At this ratio, the intramolecular contribution is at least three times as much as the intermolecular contribution. This approach is superior to CXMS analysis on the monomeric bands from SDS-PAGE, as we obtained many more high quality intramolecular cross-links.
Domain Boundaries Definition-Domain boundaries are automatically defined with multiple threading alignments using Threadom (22) . The domain definition can also be achieved by superimposing the available structures for the protein crystallized under different conditions; the segments with smallest r.m.s. differences should belong to the same domain. The domain definitions used are: NTD, (the CaM comprises a N-terminal domain, residues 4 -77), CTD (C-terminal domain, residues 82-147), EIN (comprises the ␣/␤ domain (including discontinuous segments of residues 3-20 and residues 148 -249) and the ␣ domain (residues 24 -142)), and QBP, comprises domain I (including two discontinuous segments of residues 5-86 and residues 185-224) and domain II (residues 90 -180)). Note that the terminal residues are missing and are likely highly dynamic in the crystal structures of ligand-free Ca 2ϩ -CaM (residues 1-3 and 148), EIN (residues 1-2), and apoQBP (residues 1-4 and 225-226), with the PDB codes 1CLL (26), 1ZYM (48) , and 1GGG (35) , respectively.
The domain definitions were validated with molecular dynamics simulations using AMBER software package with ff12SB force field in the Amber14 package (49); the r.m.s. fluctuations are small within each domain and are much larger between the domains. The starting structures for ligand-free Ca 2ϩ -CaM, apoQBP, and EIN are known PDB structures. To illustrate local flexibility and to calculate theoretical C␣-C␣ distances, residues missing in the crystal structures were patched up. The protein was solvated with a cube containing TIP3P water molecules with a 10 Å padding in each direction For CaM, the Ca 2ϩ ions were patched using the force field parameters in AMBER. Long range electrostatics were treated with the Particle Mesh Ewald method (50) , and van der Waals term was truncated at 10 Å with energy shift. The temperature was kept in 298 K, and the time step was 2 fs. The simulations were run for 100 ns.
Explicit Modeling of the Cross-linker-The amino-specific cross-linkers BS 2 G and BS 3 cross-link two lysine residues spaced Ͻ20.3 Å and Ͻ24.0 Å apart (21, 51) or a protein N terminus and a lysine residue spaced Ͻ14.9 Å and Ͻ18.8 Å apart, respectively, as measured with a straight line between two C␣ atoms. BS 2 G and BS 3 cross-linkers were drawn in PyMOL (52) and were energy-minimized for bond lengths and bond angles. Note that protein N-terminal residue is usually dynamic, and therefore, the local flexibility should also be accounted for in addition to the flexibility of the cross-linker.
The cross-linker was first patched to one of the lysine residues (to form mono-linked intermediate) via isopeptide bond. The lysine side chains and the cross-linkers were given full torsion angle freedom. To allow the isopeptide formation between the free reactive end of the cross-linker in the mono-linked intermediate and the side chain of another lysine residue, i.e. to form the cross-linked product, the carboxylate group and the amine group should be in close proximity to allow the nucleophilic attack to occur, 5.0 Å for the upper limit (1.2ϫ that of the van der Waals radii of nitrogen and carbon atoms, a distance at which the Leonard-Jones potential remains in the negative regime) and 1.3 Å for the lower distance limit (i.e. the C-N covalent bond length). No energy penalty is given if the distance between the carboxylate carbon and the amine nitrogen is within 1.3-5.0 Å.
If a lysine residue is highly reactive and is found cross-linked to multiple lysine residues, its side chain as well as the patched cross-linker is replicated. The different copies of the lysine residue and the attached cross-linker are allowed to overlap, thus to representing the different possibilities. The compatibility between intradomain cross-links and the structure of each domain was evaluated to make sure that domains were correctly defined.
Ensemble Structure Refinement-Structural refinement was performed with conjoined rigid body/torsion angle-simulated annealing invoking Xplor-NIH (53) . The PDB structures 1CLL (26), 1ZYM (48) , and 1GGG (35) were used as the starting coordinates for Ca 2ϩ -CaM, EIN, and QBP, respectively. The residues within the domain were grouped as rigid bodies in the refinement, and complete torsion angle freedom was given to the polypeptide linker residues between the rigid domains, the mono-linked lysine residues, the covalently conjugated crosslinkers, and the lysine residues to be cross-linked. In theory, our method could also permit local flexibility to be introduced, but that has to be supported by MD simulations, by detailed knowledge of the protein, and by other experimental evidence.
Besides the interdomain CXMS restraints for modeling the cross-linking reactions, the restraint list also included covalent energy terms (including bond, angle and impropers), van der Waals repulsive term (to avoid unfavorable steric clashes) applied to the entire protein and to the cross-linkers, and a torsion angle database potential term (37) applied to the polypeptide linkers between rigid domains and to the lysine side chains. The CXMS energy term was defined as k⌬ 2 , in which ⌬ was the deviation from the upper or lower distance limits (mostly applied when the distance Ͼ5Å, as the lower bound is unlikely to be reached before van der Waals repulsive term builds up), and k was the force constant ramped from 1 to 100 kcal⅐mol Ϫ1 ⅐Å Ϫ2 as the temperature gradually decreased from 3000 K to 25 K. If both BS 2 G and BS 3 cross-links were identified, only the cross-linking reaction of BS 2 G was modeled.
The ensemble structure comprises two or more conformers that collectively account for the CXMS data. A CXMS restraint is satisfied as long as it is accounted for by one member structure. Using ligand-free Ca 2ϩ -CaM as an example, the ensemble structure comprises an open conformation (PDB code 1CLL, fixed during the refinement) and an alternative conformation (to be refined against the CXMS and other restraints). In the refinement, the NTD of Ca 2ϩ -CaM was fixed, whereas the CTD was grouped as a rigid body connected to NTD via a polypeptide linker (residues 78 -81, excluding the flexible termini and the rigid domains), and was allowed to reorient relative to the NTD. The refinement started either from the open structure or from a randomized structure, with random translational and rotational operations applied to the CTD as well as the linker residues. Alternatively, the CTD of Ca 2ϩ -CaM could be fixed, and relative arrangement of the mono-linked NTD was optimized. The refinement was repeated many times with different random seeds. Multiple conformers would be included into the ensemble structure if necessary, until all interdomain crosslinks were accounted for. Structures with neither steric clashes nor violation against any CXMS or covalent terms were selected for further analysis. For cross-validation of the CXMS restraints, the refinement was performed using a subset of the CXMS restraints.
The same refinement protocol was used to characterize the ensemble structures of apoQBP and EIN. The ground-state structure was fixed during the refinement, and the excited-state structure with alternative domain arrangement was determined, which accounts for the interdomain cross-links otherwise inexplicable by the ground-state structure. The members of the ensemble structure were allowed to overlap, and the CXMS restraints were to be satisfied by any conformer in the ensemble. The ensemble refinement method based on the CXMS data was implemented in DynaXL software written specifically developed for this purpose (freely available online).
Assessment of the Ensemble Structures-The ensemble structures obtained from experimental cross-links could be crossvalidated using a subset of the cross-links, assessed against alternative structures of the protein with either ligand bound or mutation introduced, or validated with other orthogonal techniques, such as PRE and SAXS. The interdomain PRE data for ligand-free Ca 2ϩ -loaded CaM with a paramagnetic probe (nitroxide spin radical) conjugated at the S17C site was obtained from the literature (30) . With an effective correlation time of 9.9 ns (30), the intradomain PRE data were used to refine the distribution of the paramagnetic probe using a threeconformer representation, whereas the interdomain PRE data were used for the refinement of the closed structure at different occupancies (from 1% to 10% in 1% increment). The domains were grouped as rigid bodies, and the linker residues were sub-jected to torsion angle dynamics. The refinement was performed with the established protocol (3), and the ensemble structures for ligand-free Ca 2ϩ -CaM could be reproduced from the published work (30) . It was found that a 5% occupancy and a 2-conformer ensemble could best account for the PRE data, which is in good agreement with the literature (30) .
The ensemble structure of apoQBP was also assessed with SAXS. The apoQBP protein was prepared in 20 mM, pH 7.2, HEPES buffer with 100 mM NaCl. The data were collected under two different temperatures (40°C and 50°C) at the National Centre for Protein Science Shanghai with the BL19U2 beamline. A total of 20 consecutive frames of 1-s exposure time for each were recorded and were averaged, with no difference seen between consecutive frames. Similarly, the scattering profiles of the buffer were recorded for background subtraction. Protein radius of gyration (R g ) was calculated using software PRIMUS (54) with Guinier approximation at the low scattering angle with q ϫ R g Յ1. The paired-distance P(r) distribution profiles were obtained by indirect Fourier transformation of the I(q) scattering profiles. 
